The need remains great for early diagnosis of diseases. The special structure of the eye provides a unique opportunity for noninvasive light-based imaging of fundus vasculature. To detect endothelial injury at the early and reversible stage of adhesion molecule up-regulation, we generated novel imaging agents that target two distinct types of endothelial molecules, a mediator of rolling, P-selectin, and one that mediates firm adhesion, ICAM-1. Interactions of these double-conjugated fluorescent microspheres ( 
Ocular inflammatory diseases, such as uveitis, cause severe visual loss (1) . Uveitis can affect any part of the eye, including the retina and choroid, and is characterized by the accumulation of leukocytes in ocular tissues (2) . Early detection of ocular vascular injury would help to establish the diagnosis, whereupon effective treatments such as corticosteroids could halt inflammation before irreversible structural damages occur.
In vivo visualization techniques of the choroidal microcirculation, including conventional fluorescein angiography (FA) and indocyanine green angiography (ICGA) or the experimental laser-targeted angiography (3, 4) , are used to investigate the choroidal vascular network and hemodynamic conditions (5) . However, these methods do not allow evaluation of leukocyteendothelial interaction in the retinal and choriocapillaris flow or identification of specific molecular changes during disease. Recently, we introduced a novel technique for detection of endothelial surface molecules in acute ocular inflammation (6) . Using adhesion-molecule-conjugated fluorescent microspheres (MSs) (7) in live animals, we showed early endothelial changes in ocular microvessels at an early stage, which were previously detectable only by the most sensitive in vitro techniques, such as immunohistochemistry or PCR (6) . To cause vascular injury, we used endotoxin-induced uveitis (EIU), an established animal model of acute ocular inflammation (8) . In this model, a footpad injection of lipopolysaccharide (LPS), a component of gram-negative bacterial cell wall, causes pronounced ocular inflammation (2, 8) .
Our imaging approach is founded on certain aspects of leukocyte-endothelial interaction, a common component in the pathogenesis of various ocular diseases. Leukocytes normally do not interact with the endothelium of blood vessels, save for occasional tethering. However, at sites of inflammation, endothelial cells express adhesion molecules, such as P-selectin and intercellular adhesion molecule-1 (ICAM-1), that facilitate the multistep leukocyte recruitment cascade (9 -11) . The steps of the recruitment process include tethering, rolling, firm adhesion, and transmigration into the extravascular space (7, 12) . Leukocyte rolling is mediated mainly through transient interaction of selectins with their ligands. The main selectin ligand, Pselectin glycoprotein ligand-1 (PSGL-1), is a 240-kDa disulfide-bonded homodimeric mucin-like glycoprotein, which is expressed on myeloid cells and a subset of lymphocytes (13) . PSGL-1 binds to all three selectins (P-, E-, and L-selectin) and mediates leukocyte interaction with endothelial cells, platelets, and other leukocytes (14, 15) . Under flow conditions, PSGL-1 interaction with P-selectin on the surface of activated endothelium mediates tethering and rolling (16, 17) . ICAM-1, a member of the immunoglobulin superfamily, is constitutively expressed in leukocytes and endothelial cells (18) . In uveitis, endothelial ICAM-1 expression is increased. ICAM-1 interaction with leukocyte integrins plays a key role in firm adhesion of rolling leukocytes (19, 20) . LPS-induced ICAM-1 expression on endothelium is potently suppressed by corticosteroids, such as dexamethasone (dex; IC 50 Ͻ1 nM) (21) .
Previously, we showed up-regulation of endothelial P-selectin in live uveitic animals by using our customdesigned PSGL-1-conjugated MSs (6) . However, PSGL-1-conjugated MSs target only one type of endothelial receptor, P-selectin, a mediator of rolling. In vivo expression of mediators of firm adhesion, such as ICAM-1 in living animals, remains to be studied.
In this work, we introduce novel molecular imaging agents that target two distinct types of endothelial surface molecules, a mediator of rolling and one that mediates firm adhesion, and evaluate the success of antiinflammatory treatment in vivo.
MATERIALS AND METHODS

Endotoxin-induced uveitis
All experiments were performed in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Animal Care and Use Committee of the Massachusetts Eye and Ear Infirmary. Male Lewis rats (8 -10 wk old) were obtained from Charles River (Wilmington, MA, USA). Uveitis was induced in rats by injecting 100 g of LPS (Salmonella typhimurium; Sigma Chemical, St. Louis, MO, USA) diluted in 0.1 ml sterile saline into one hind footpad of each animal (8) . Control animals received a footpad injection of vehicle (saline). Animals were maintained in an air-conditioned room with a 12-h light-dark cycle and were given free access to water and food until used for the experiments.
Treatment
To reduce inflammation, animals were injected intraperitoneally with dex [5 mg/kg body weight (BW); American Regent, Inc. Shirley, NY, USA] (22, 23) 30 min before LPS. Control animals received an intraperitoneal injection of vehicle (saline).
MS preparation
Carboxylated fluorescent MSs (2 m; Polysciences, Inc., Warrington, PA, USA) were covalently conjugated to protein G (Sigma), using a carbodiimide-coupling kit (Polysciences, Inc.) (7) . MSs were incubated with nonimmune mouse IgG (mIgG; cat. no. 0102-14; Southern Biotech, Birmingham, AL, USA), anti-ICAM-1 (␣-ICAM-1; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), recombinant PSGL-1 (rPSGL-1; Y's Therapeutics, Burlingame, CA, USA), or both ␣-ICAM-1 mAb and rPSGL-1 in equal quantities for 2 h at room temperature on a rotary shaker and subsequently washed with PBS and BSA (0.1%) (Fig. 1) . Subsequently, MSs were washed again in PBS and sonicated before use in vivo. MSs (6ϫ10 8 ) were injected into the tail vein of each animal.
Evaluation of MS rolling in the retinal and choroidal vessels
To evaluate MS rolling in the retinal vessel and the choriocapillaris in control and EIU animals, a scanning laser ophthalmoscope (SLO; HRA2; Heidelberg Engineering, Dossenheim, Germany), coupled with a computer-assisted image analysis system, was used to make continuous high-resolution fundus images. An argon blue laser was used as the excitation light, with a regular emission filter for fluorescein angiography, as the excitation (441 nm) and emission (488 nm) maxima of the MSs are comparable with those of sodium fluorescein. SLO images were obtained in a 30°angle at 15 frames/s and digitally recorded for further analysis. MSs were injected 24 h after LPS treatment, and images were recorded 30 min after MS injection.
Rats were anesthetized with xylazine hydrochloride (10 mg/kg) and ketamine hydrochloride (50 mg/kg), and their pupils were dilated with 0.5% tropicamide and 2.5% phenylephrine hydrochloride. A contact lens was used to retain corneal clarity throughout the experiment. Animals were placed on a platform, allowing flexible positioning of the animals in relation to the SLO. With a 30.5-gauge needle, MSs (6ϫ10 8 /ml in saline) were continuously injected intravenously into the tail vein within 60 s. Rolling MSs were defined as objects that moved at a significantly lower velocity than the free-flowing MSs. Velocity and number of rolling MSs were obtained from 30 s of the recordings.
Thirty minutes after the initial injection of the conjugated MSs, the numbers of free-flowing MSs in the retinal vessels and the choriocapillaris of control and EIU rats were substantially diminished, presumably due to the interaction of the MSs with the endothelium of the vessels throughout the body. This allowed us to conveniently identify and quantify the number of accumulated MSs in the retinal vessels and choriocapillaris as distinct stationary fluorescent marks with high contrast against the nonfluorescent background. ImageJ 1.41 software (National Institute of Health, Bethesda, MD, USA) was used for image analysis. For automated quantification of the number of bound microspheres in the choriocapillaris microvasculature, the confocal images were merged, and subsequently the area of the bright spots was measured in ImageJ 1.41.
Ex vivo evaluation of accumulated MSs and leukocytes
To prepare retinal and choroidal flatmounts, animals were anesthetized 24 h after LPS injection. Subsequently, 1 ml of MSs (6ϫ10 8 /ml in PBS) was injected continuously through the tail vein within 1 min. Thirty minutes after MS injection, animals were perfused with PBS (pH 7.4) and rhodamine-labeled concanavalin A lectin (RL-1002; Con-A; Vector Laboratories, Burlingame, CA, USA), 50 g/ml in PBS (pH 7.4), to stain vascular endothelial cells and firmly adhering leukocytes. To perfuse the animals, the chest cavity was opened, and a 24-gauge needle was introduced into the aorta. Drainage was achieved by opening the right atrium. PBS (50 ml) was injected to wash out intravascular content, including unbound MSs and leukocytes. This procedure was followed by perfusion with 0.3 ml ConA in 30 ml PBS to stain the vascular endothelium and firmly adhering leukocytes. Subsequently, 15 ml PBS was injected to wash out excess ConA. Immediately after perfusion, the retina and choroid were microdissected and flatmounted, using a fluorescence antifading medium (Vectashield, Vector Laboratories). The tissues were then observed under an epifluorescence microscope (DM RXA; Leica, Deerfield, IL, USA) with both an FITC (excitation, 488 nm; detection, 505-530 nm) and a rhodamine filter (excitation, 543 nm; detection, Ͼ560 nm). Images were obtained using a highsensitivity digital camera, connected to a computer-assisted image analysis system. Using the Openlab™ image analysis software (Improvision, Boston, MA, USA), merged images of the MSs (green) with the retinal and the choroidal tissues (red) were generated. The numbers of firmly adhering leukocytes and MSs per surface area (mm Ϫ2 ) in retinal arteries and veins and in the choriocapillaris were obtained by counting. In each preparation, micrographs (ϫ10) from 5 different fields of view (optic disc, nasal, temporal, superior, and inferior) were obtained, and the leukocyte and microsphere numbers were counted and averaged. MSs that interacted with leukocytes vs. vascular endothelium were distinguished, and the percentage of MSs bound to leukocytes was calculated.
Statistical analysis
All values are expressed as means Ϯ se. Data were analyzed by Student's t test. Differences between the experimental groups were considered statistically significant or highly significant at values of P Ͻ 0.05 or 0.01, respectively.
RESULTS
MS rolling in retinal and choroidal vessels
To examine whether ␣-ICAM-1, rPSGL-1, or ␣-ICAM-1 ϩ rPSGL-1 double-conjugated MSs roll in the fundus of EIU animals, we investigated these MSs in vivo using SLO. Immediately after intravenous injection of the various groups of conjugated MSs, free-flowing and rolling MSs were observed in the retinal vessels and the choriocapillaris of the examined rats ( Fig. 2A) . In untreated control animals (nϭ6), only very few conjugated MSs rolled along the vascular endothelium of retinal vessels or choriocapillaris. In comparison, in EIU animals, 24 h after LPS injection, significantly more ␣-ICAM-1 ϩ rPSGL-1 doubleconjugated MSs rolled along the venous walls (retina: nϭ5, Pϭ0.04; choroids: nϭ6, Pϭ0.004) (Fig. 2B, C) , suggesting increased levels of endothelial P-selectin and ICAM-1 expression at these time points. Comparison of the rolling velocity of the double-conjugated MSs showed significantly higher values in the choroid (nϭ7) than in the retina (nϭ6; Pϭ0.006) (Fig. 2D, E) . In the retina, almost all rolling MSs were in the main vessels, and the direction of the rolling was from the periphery toward the optic disc. In contrast, in the choriocapillaris, MSs rolled in various directions (Fig. 2F ).
MS accumulation in retinal and choroidal vessels
To investigate the expression of molecular indicators of injury in the ocular vessels, we quantified the areas of the bright spots in SLO micrographs as a measure of the number of adherent MSs in control and EIU animals. In control animals, all 4 differently conjugated MSs (nϭ5/ group) showed low numbers of interaction with the endothelium of the choriocapillaris. In comparison, EIU animals showed significantly more accumulation of rPSGL-1 and double-conjugated MSs (IgG: nϭ5, Pϭ0.9; ␣-ICAM-1: nϭ6, Pϭ0.08; rPSGL-1: nϭ6, Pϭ6ϫ10
Ϫ6
; double-conjugated, nϭ6, Pϭ6.2ϫ10 Ϫ11 ) 30 min after MS injection, especially in the central area and around the optic disc (Fig. 2G, H) .
Ex vivo visualization of accumulated MSs
To confirm whether the conjugated MSs in vivo indeed adhered in the retinal and choriocapillaris vessels, as was evaluated based on the depth of focus in the in vivo (Fig. 3A-C) and choriocapillaris ( Fig. 3D-F) . In line with our SLO findings, the flatmounts of ␣-ICAM-1, rPSGL-1, and double-conjugated MS-injected EIU animals showed significantly higher numbers of accumulation in retinal (nϭ6/group; P ␣-ICAM-1 ϭ0.01; P rPSGL-1 ϭ 0.0003; P double ϭ2.6ϫ10 Ϫ7 ) and choriocapillaris (nϭ6/ group; P ␣-ICAM-1 ϭ5.3ϫ10
Ϫ12 ; P rPSGL-1 ϭ2.7ϫ10 Ϫ13 ;
P double ϭ8.9ϫ10 Ϫ15 ) than in the retinal and choriocapillaris vasculature of the controls (nϭ6/group). The binding of the mouse IgG-conjugated MSs to the retinal and choroidal vessels of EIU animals (nϭ6) did not differ from controls (nϭ5; retina: Pϭ0.15; choroid: Pϭ0.083).
The retinal flatmounts revealed that most of the firmly adhering MSs accumulated in the major retinal veins in all groups. Adhesion of ␣-ICAM-1 and rPSGL-1 single-conjugated MSs to the retinal vessels did not differ in control animals (nϭ6; Pϭ0. 4 animals, rPSGL-1-conjugated MSs showed significantly higher adhesion than ␣-ICAM-1 (nϭ6, Pϭ0.03). Furthermore, the numbers of double-conjugated MSs adhering to the retinal vessels of EIU animals were significantly higher than all other groups (IgG: nϭ5, Pϭ1.9ϫ10 Ϫ9 ; ␣-ICAM-1: P ϭ 3ϫ10 Ϫ7 , nϭ6; rPSGL-1: nϭ6, P ϭ 2.7ϫ10 Ϫ5 ) (Fig. 3C ). In the choroid, ␣-ICAM-1-and rPSGL-1-conjugated MSs did not show a significant difference in adhesion in the control and EIU groups (control nϭ6, Pϭ0.9; EIU nϭ6, Pϭ0.7). In control animals, significantly more double-conjugated MSs adhered to the choroidal flatmounts than to the singly conjugated MSs (␣-ICAM-1: nϭ6, Pϭ0.017; rPSGL-1: nϭ6, Pϭ0.02). Also in choroidal flatmounts of the EIU animals, significantly more doubleconjugated MSs adhered than single-conjugated MSs (␣-ICAM-1: nϭ6, Pϭ2.7ϫ10 (Fig. 3F) .
MS localization
To investigate whether the adhesion molecule-conjugated MSs are inside the vessels, we used confocal microscopy. The 3-D reconstruction of our flatmounts showed that all MSs were indeed in the vessels, both in the retina and the choroid with and without leukocytes (Fig. 4A) . These studies furthermore revealed that some of the accumulated MSs directly bound to the vascular endothelium, while other MSs bound to firmly adhering leukocytes (Fig. 4A) .
Visualization of accumulated leukocytes using conjugated MSs
To investigate the detection capability of our conjugated MSs for firmly adhering leukocytes, we calculated the ratio of MSs bound to leukocytes to the total number of accumulated MSs in the retinal vessels (MS Leu /MS tot ). The MS Leu /MS tot ratio was obtained for retinal arteries, veins, and also total retinal vessels (Fig. 4B) 
In retinal veins of EIU animals that were injected with conjugated MSs, we found the highest number of single-conjugated MSs bound with one leukocyte to be 8 (1.5Ϯ1.6, nϭ20 leukocytes). In comparison, in the double-conjugated group, significantly more MSs, up to 15, bound with one adhering leukocyte (5.7Ϯ2.5 MS/ leukocyte, nϭ20 leukocytes, Pϭ1.6ϫ10 Ϫ5 ), indicating more effective detection of firmly adhering leukocytes with double-conjugated MSs. In line with the MS binding data, in the retina of EIU animals, most adherent leukocytes were in the veins, and very few in arteries or in retinal capillaries (Ͼ3rd degree vessels) (Fig. 4C) .
To learn about the efficacy of the conjugated MSs in detecting firmly adhering leukocytes, we calculated the ratio of leukocytes bound with MS/total firmly adherent leukocytes (Leu MS /Leu tot ) in retinal arteries, veins, and the whole retina. The Leu MS /Leu tot ratio was significantly higher in veins compared to arteries, both in c o n t r o l ( n ϭ 5 -6 ; P I g G ϭ 0 . 0 0 1 , P ␣ -I C A M -1 ϭ 0.002, P rPSGL-1 ϭ0.004, P double ϭ0.002) and EIU animals (nϭ5-6; P IgG ϭ0.01, P ␣-ICAM-1 ϭ0.003, P rPSGL-1 ϭ 0.002, P double ϭ5.5ϫ10 Ϫ6 ). In EIU animals (nϭ5-6), the double-conjugated MS showed significantly higher Leu MS /Leu tot ratios than IgG-conjugated MSs in arteries (P IgG ϭ0.005, P ␣-ICAM-1 ϭ0.09, P rPSGL-1 ϭ0.4) and veins (P IgG ϭ0.007, P ␣-ICAM-1 ϭ0.08, P rPSGL-1 ϭ0.06), than all of the other 3 groups in the whole retina (P IgG ϭ0.003, P ␣-ICAM-1 ϭ0.01, P rPSGL-1 ϭ0.02) (Fig. 4D) .
Noninvasive molecular evaluation of antiinflammatory treatment
To investigate the potential of our molecular imaging approach in evaluation of antiinflammatory interventions, we treated EIU animals with dex and imaged the interaction of conjugated MSs with retinal and choroidal vessels. The quantification of our SLO images indicates that in dex-treated EIU animals significantly fewer MSs adhered to the choroidal vessels compared to the untreated EIU group (nϭ6/group, Pϭ6.3ϫ10 Ϫ9 ) (Fig. 5A,  B) . In flatmounts, dex-treated animals showed significantly lower rates of MS adhesion in the retina (nϭ6, Pϭ9.0ϫ10
Ϫ10
) and choroid (nϭ6, Pϭ2.0ϫ10 Ϫ11 ) than untreated animals (Fig. 5C, D) . Consistent with the antiinflammatory function of steroids, the numbers of firmly adherent leukocytes were significantly lower in retinas of dex-treated EIU animals than untreated controls, both in arteries (Pϭ1.6ϫ10
) and veins (Pϭ10 Ϫ10 ) (Fig. 5E) . The comparison of leukocyte adhesions in the choriocapillaris showed significantly lower numbers in the dextreated (nϭ6) than in untreated EIU animals (nϭ6, Pϭ10 Ϫ7 ) (Fig. 5F, G) . The MS Leu /MS tot ratio was significantly lower in the dex-treated animals (nϭ6) compared to the untreated controls (nϭ6), in arteries (Pϭ2.6ϫ10 Ϫ5 ), veins (Pϭ5.5ϫ10 Ϫ6 ), or in the whole retinas (Pϭ9.8ϫ10 Ϫ8 ) (Fig.  5H) . Similarly, the Leu MS /Leu tot ratio was significantly lower in the dex-treated animals (nϭ6) compared to the untreated controls (nϭ6); in arteries (Pϭ0.004), veins (Pϭ0.002), or in the whole retinas (Pϭ0.002) (Fig. 5I) .
DISCUSSION
Noninvasive detection of molecular events in the living organism can revolutionize medicine. The eye provides a unique portal for visible-light-based imaging of retinal and choroidal microvessels. Recently, we introduced noninvasive imaging of endothelial injury in the fundus vessels (6) . This work introduces and characterizes a new imaging agent that simultaneously targets two different classes of endothelial markers, a rolling and an adhesion receptor.
Our results show the superior sensitivity of doubleconjugated MSs for detection of endothelial injury, compared to MSs that only target one type of endothelial markers. Our previous work showed accumulation of rPSGL-1-conjugated MSs in choroidal microvessels (6) . Here, we also quantitatively compare the rolling of various MSs in retinal and choroidal vessels. The rolling flux of rPSGL-1-conjugated MSs is significantly higher in EIU animals than in controls. In contrast, the rolling flux of ␣-ICAM-1-conjugated MSs is not significantly different between EIU and control animals. This finding is in line with the fact that CD18/ICAM-1 is not primarily a rolling ligand pair in vivo. The significantly higher rolling interaction of the double-conjugated MSs compared to the rPSGL-1-conjugated MSs indicates that ICAM-1 may contribute to the rolling of the MSs, once the interaction with the endothelium is initiated. Surprisingly, the rolling velocity of the double-conjugated MSs is significantly higher in the choroidal vessels than in the retina. The absolute number of MS interactions in the choriocapillaris is higher than in the retina. This difference might be explained by the higher vascular density in the choriocapillaris com-pared to the retina. Also, the inflammatory response in the choroid may differ from retina. Another striking qualitative difference between the two vascular beds is that in the retina, most rolling initiates from the periphery and continues toward the optic nerve head, suggesting that the rolling interaction mainly occurs in the retinal veins. In contrast, in the choriodal vasculature, the direction of rolling is variable, conforming to the network structure of the choriocapillaris.
Beyond direct detection of endothelial injury, it would be highly desirable to detect accumulated immune cells in the retinal or choroidal vessels. MSs conjugated with rPSGL-1 or ␣-ICAM-1 bind to firmly adhering leukocytes, as leukocytes express L-selectin (binding partner of PSGL-1) as well as ICAM-1. Doubleconjugated MSs bind in significantly higher numbers to firmly adhering leukocytes, making them more effective in targeting immune cells than singly conjugated MSs. To better understand the binding of the imaging agents to the vasculature vs. to firmly adhering leukocytes, we built the MS Leu /MS tot and Leu MS /Leu tot ratios. The MS Leu /MS tot shows specificity of the various conjugated MSs for firmly adhering leukocytes and distinguishes MS binding directly to the leukocyte, compared to the total MS binding. The double-conjugated MSs show higher binding ratios to leukocytes, suggesting their superior detection capability for firmly adhering leukocytes. In comparison, the Leu MS /Leu tot ratio shows the percentage of firmly adhering leukocytes that are detected by MSs, providing potentially valuable insights into the subpopulation of the leukocytes that are being detected. In both ratios, doubly conjugated MSs show significantly higher values than the singly conjugated MSs. Also, in both ratios, veins show significantly higher values than arteries, suggesting that hemodynamic differences (i.e., differences in shear rates) may affect MS binding to leukocytes more than to the endothelium. The fact that leukocytes preferentially accumulate in veins supports the hypothesis that our molecule-conjugated MSs mimic the pathophysiologically relevant phenomenon of leukocyte recruitment in EIU.
Our noninvasive molecular imaging approach can be used for follow up of treatment success. We show that accumulation of adhesion molecule-conjugated MSs correlates well with the degree of the endothelial injury during antiinflammatory treatment. Dex treatment inhibits MS rolling and adhesion, similar to the effect it has on leukocyte recruitment. This indicates that MS binding correlates with the degree of inflammation and provides insights about its resolution.
In sum, the present work introduces a novel imaging approach that advances our in vivo detection capabilities to the cellular and molecular level. Besides being a powerful research tool, this versatile imaging approach has a high chance of being translated to the clinical realm and affecting the way medicine is practiced.
